A regional wastewater system planning problem consists of finding the minimum-cost configuration for the system needed to drain the wastewater produced at the communities located within a region, while meeting the quality standards defined for the receiving water bodies and complying with all (other) relevant regulatory aspects. There are several possible solutions to this kind of problem. They range from solutions where each community treats its wastewater separately, to solutions where all the wastewater produced in the region is sent to a single treatment plant. It is likely that the most effective solution both in terms of public expenditure, equipment reliability, and environmental impact will be found somewhere between these two extremes. This paper presents an optimization approach to wastewater systems planning at regional level. The approach applies only to sanitary sewer networks. A simulated annealing algorithm is used to solve the optimization model upon which the approach is based. For the application of this approach a user-friendly computing tool was developed. Within this tool, both the acquisition of data and the output of results are made through a flexible GIS interface.
INTRODUCTION
The discharge of wastewater improperly treated or untreated into lakes and rivers has been growing during recent decades at an almost exponential rate.
As a result, despite a considerable amount of intervention by national and municipal authorities, serious water quality problems can now be found in many regions of the world.
A regional wastewater system planning problem consists, generally and succinctly, of finding the minimum-cost configuration for the system needed to drain the wastewater produced in the communities (wastewater sources) located within a region, while meeting the quality standards defined for the receiving water bodies and complying with all (other) relevant regulatory aspects. The essential components of the system are sewer networks and treatment plants.
The problem stated above includes a location component and a sizing component. These two aspects are not independent of each other, and should be handled simultaneously. There are several possible solutions. They range from solutions where each community treats its wastewater separately without paying heed to the important scale economies and reliability gains that would be permitted if larger treatment plants were chosen, to solutions where all the wastewater produced in the region is sent to a single treatment plant. It is likely that the most effective solution both in terms of public expenditure, equipment reliability and environmental impact will be found somewhere between these two extremes.
Finding the best solutions to this kind of problem is a delicate task, considering the vast number of alternatives for the location/layout and other characteristics of sewer networks and treatment plans. Normally, the task cannot be performed without resorting to optimization techniques. The mathematical nature of the optimization models that represent the problem is quite complex. In fact, both the objective function and some constraints are non-linear, and some variables are discrete (e.g. diameters have to be chosen from what is commercially available).
Formerly, traditional optimization methods were often used to solve regional wastewater systems planning problems. Melo & Câ mara (1994) present a wide-ranging survey of the literature in this domain (41 papers are quoted). The methods most commonly used are as follows:
linear programming (Deininger 1965; Loucks et al. 1967) ; dynamic programming (Converse 1972; Klemetson & Grenney 1985) ; non-linear programming (Graves et al. 1972) ; convex programming (Deininger & Su 1973) ; linear mixed-integer programming (Wanielista & Bauer 1972; Joeres et al. 1974; Brill & Nakamura 1978) ; and different types of heuristic techniques (McConagha & Converse 1973; Weeter & Belarti 1976; Lauria 1979; Smeers & Tyteca 1982; Câ mara 1985; Melo 1992; Voutchkov & Boulos 1993) . Regardless of the potential interest of these models, in practice they have been utilized only to a very small extent. In some cases they were excessively difficult to apply in real-world situations; in other cases they did not represent real-world problems but rather simplified versions of them.
It is only relatively recently that advances in computing technologies and operations research made it possible to deal efficiently with the non-linear combinatorial optimization models applicable to regional wastewater systems planning. The role played by several global optimization methods is, in this context, particularly important. These methods, which include genetic algorithms, simulated annealing, tabu search and neural networks, have been used successfully to solve difficult problems in several areas of science and technology. A recent application of genetic algorithms is reported in Wang & Jamieson (1998) . The authors have been working on the application of simulated annealing to a variety of civil engineering problems ; 
OPTIMIZATION MODEL
As stated before, a regional wastewater system planning problem consists of finding the minimum-cost configuration for the system needed to drain the wastewater produced at the communities (wastewater sources) located within a region, while meeting the quality standards defined for the receiving water bodies and complying with all (other) relevant regulatory aspects.
The optimization model presented below encompasses all the aspects involved in this kind of problem.
Once solved, the model determines the layout of sewer networks, the diameter of the sewers, the location and capacity of treatment plants, and the location and size of pumps (if needed). This is made in accordance with regulations regarding minimum and maximum slopes for sewers, minimum and maximum flowing velocity, minimum diameters for sewers, and receiving water quality parameters. Since the model is designed for planning In mathematical notation, the optimization model can be formulated as follows:
x ij ∈{0,1}, ∀i = 1, . . ., N; ∀j = 1, . . ., N (8)
QT k ≥0, ∀k = m + 1, . . ., N (10) QTmax k : maximum amount of wastewater that may be treated in treatment plant k;
x ij : binary variable that will take value 1 if there exists a sewer linking node i to node j, otherwise will take value 0; y k : binary variable that will take value 1 if there exists a treatment plant in node k, otherwise will take value 0.
The objective function (1) expresses the minimization of the total discounted costs for installing, operating and maintaining sewer networks and treatment plants. The first term corresponds to sewer network costs, which will depend on the wastewater flow (and, thus, on the diameter of sewers), on the length of sewers and on the hydraulic heads at the extreme points of the sewers. The network may require pump stations to carry wastewater from lowenergy points to high-energy points. The second term corresponds to treatment plant costs, which, for a given type of treatment plant, will depend on the amount of wastewater treated there.
Constraints (2)- (4) 
MODEL SOLVING
Several alternative methods can be used to solve the complex non-linear combinatorial optimization model presented in the previous section. Given their previous experience, the authors decided to use a simulated annealing algorithm. The first application of a simulated annealing algorithm was made by Metropolis et al. (1953) , and involved a thermodynamic problem that was not explicitly an optimization problem. Some authors, notably Kirkpatrick et al. (1983) and Cerny (1985) , had the innova- 
.
The simulated annealing algorithm implemented for this study consists of the following steps (Figure 1) . Next, an initial configuration of the system is established, and evaluated with regard to (total discounted) costs. A configuration of the system is defined by the layout and the size of sewers, the location and capacity of pump stations (if needed), and the location and capacity The cooling schedule adopted in this study, which is similar to the one employed by Johnson et al. (1989) in their simulated annealing algorithm for the graph Detailed information on the process leading to the choice of these parameters can be found in and Sousa and Cunha (1999) .
COMPUTING TOOL
In order to facilitate the application of the optimization model presented above to real-world problems, the All data may be displayed, altered, or printed whenever necessary.
Output operations
Problem solutions are presented, and saved onto disk, in three formats: which is already wide in this and other civil engineering fields, will continue to enlarge.
